Abstract-Cross-polarized returns are desirable for detecting buried asymmetrical targets with GPR systems in order to increase sensitivity. However, measuring cross-pol returns can be strongly dependent on orientation angle due to polarization mismatch. The fields transmitted by sinuous antennas are known to exhibit polarization wobble over frequency. This is often considered an undesired characteristic; however, this behavior can be exploited in order to mitigate the strong dependence of the cross-pol returns on the orientation angle.
I. INTRODUCTION
The sinuous antenna was first published in a patent by DuHamel in 1987. The patent describes the sinuous antenna combining frequency independent spiral and log-periodic antenna concepts resulting in a design capable of producing orthogonal senses of polarization over an ultra-wide bandwidth [1] . This capability makes the sinuous antenna a good candidate for polarimetric ground penetrating radar (GPR) applications.
A polarimetric system by definition has the ability to measure both co-polarized and cross-polarized returns from targets. In GPR systems, the co-pol channel is most often used, because it is effective for all target symmetries, but it often has lower sensitivity (smaller dynamic range) due to clutter from symmetrical scatters such as the surface of the earth. Cross-pol measurements are sometimes used to obtain better signal to noise ratios for non-symmetric targets e.g., linear scatterers like pipes and cables [2] . Crossed-dipole antennas have been employed for this in the past [2] ; however, the responses are highly dependent on target orientation due to polarization mismatch.
Due to the nature of the sinuous antenna geometry, the radiating part of the structure varies with frequency. Subsequently, the tilt of the transmitted wave's polarization ellipse varies with frequency. This phenomenon is referred to as polarization "wobble" [3] and is usually an undesired aspect of a sinuous antenna. It should be noted here that the "wobble" is of minimal consequence when operating the sinuous antenna to transmit circularly polarized waves [3] . In this paper, an analysis on the polarization wobble in sinuous antennas is presented which attempts to exploit this wobble for the detection of linear scatterers when transmitting dual linear polarization from a single transmit and receive sinuous antenna.
II. SIMULATIONS

A. Sinuous Antenna Geometry
The arms of the sinuous antenna are made up of P cells where the curve of the p th cell is described in polar coordinates (r, φ) by
where R p+1 ≤ r ≤ R p [1] . In (1), α p controls the angular width, τ p the growth rate, and R p the outer radius of the p th cell. Note that for this analysis, α and τ are kept constant for all cells. The curve is then rotated ± the angle δ in order to fill out the arm. 
B. Sinuous Antennas Simulated
Two different sinuous antenna designs, illustrated in Fig. 1 , were simulated using the finite-element solver in CST Microwave Studio. Both antennas were simulated without substrate or backing. Each pair of opposite arms were fed differentially by discrete ports. The radiated fields at 2 meters on boresight were tabulated for the analysis. Fig. 2 shows the polarization tilt [4] for the vertically polarized port on both antennas. Note that the discontinuities in the tilt are due to resonances in the antenna [5] . As can be seen from Fig. 2 , increasing the angular width, α, from 60
• to 90
• results in significantly more polarization wobble.
C. Received Pulses
In order to investigate the effects of polarization wobble, the pulses received from a small linear scatterer were calculated. Each antenna was excited by a differentiated Gaussian pulse [6] with spectrum peak at 2.2 GHz. The scatterer had a length of 2 cm, radius of 0.2 mm, and was located parallel to the radiating antenna two meters away on boresight. The received pulses were computed from the simulated fields by the reciprocity relationship derived in [7] . Fig. 3 shows the received pulse energy of both antennas as a function of the angle of the scatterer. It is evident from the results that the increased polarization wobble of the α = 90
• antenna smooths out the response vs. scatterer angle. The peak cross-pol response is about 6 dB down from co-pol response as would be expected; however, the minimums are much closer to the maximum due to the energy being spread over polarizations. In the α = 90
• antenna, the cross-pol response varies only 5 dB as the scatterer is rotated while the variation is more than 10 dB for the α = 60
• antenna. If a perfectly polarized antenna (like a crossed-dipole) were to measure such a scatterer, the response would disappear at rotation angles 0
• , 90
• , 180
• , etc. 
III. DISCUSSION
Cross-pol measurements are desired for increased SNR in GPR measurements; however, they suffer from polarization mismatch when using perfectly polarized antennas as the target will disappear completely when it lines up with one of the antenna arms. In this paper, we have demonstrated that the sinuous antenna can provide the desired cross-pol measurement capability while also being less sensitive to target orientation. By exploiting polarization wobble over frequency, the energy in a wideband pulse can be spread over polarization. While this may decrease SNR at some alignment angles, the antenna is much less sensitive to target rotation resulting in increased probability of detection overall.
